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ABSTRACT

This grant was to support earthquake hazard studies in the Pacific Northwest. We
report results regarding the distributions and rates of two major earthquake sources based
on the deformation rates measured by GPS and other geodetic data, and determined from
other geologicd data. These results provide: 1) Better congtraints on the seismogenic
portion of the Cascadia subduction megathrust and on strain accumulation along that
fault; and 2) From geodetic and geologicd data, congraints on the recurrence rates of
large crustal earthquakes in the Cascadia forearc, as well as potential for large
characteristic events that are not predicted by the catalogue statistics of smaller
earthquakes.

RESULTS

1. Constraints on the rupture area of the Cascadia great earthquakes

Congraints on the rupture zone (and strain accumulation) of the Cascadia
subduction megathrust have been derived from GPS and other geodetic measurements
along the Cascadiaforearc. These data constrain numerical models for the portion of the
subduction megathrust that islocked and may rupture in great earthquakes.

1.1. Megathrust transient versus forearc long-term deformation

Along the Cascadia subduction zone part of the forearc is migrating to the north
parallel to the margin. As a consequence, GPS measurements in the forearc are affected
by two process. 1) Transient strain accumulaion due to coupling of the locked
subduction thrust; 2) Long-term geological motion and deformation of the forearc.



Accurate estimation of the strain accumulation due to the megathrust locked zone and
definition of the width of the locked zone depends on separating those two components.

This separation has been done by correcting the measured GPS velocities (with
respect to North America) using the predicted displacement field associated with the
forearc northerly motion and long-term crustal deformation. Because the two processes
(subduction coupling and forearc deformation) are inter-related on the few year time-
scde of GPS measurements, the modeling of both processes was done iteratively.
Advancesin the understanding of each system were used to improve the model for the
other. The separation of the two sgnalsis fecilitated because the dagtic stran
accumulaion on the megathrust dominates the GPS signal in the outer forearc, whereas
the forearc motion and ongoing deformation dominate the inner forearc.

To constrain the extent of the megathrust locked and transition zones, the GPS
data were corrected for amodel of forearc long-term motion and deformation as
described in section 2.1. This forearc motion model is constrained by geodetic,
paleomagnetic and geological data.

1.2. Vancouver Island and northern Washington velocity and strain rate fields

GPS velocity datain southwestern British Columbia and northwestern
Washington have been derived from a permanent network of continuous stations
(Western Canada Deformation Array) and from three campaign networks that cover most
of Vancouver Idand and adjacent Washington. Campaign data were acquired and
processed as part of a PGC / University of Victoria PhD thesis (Henton et al., 1999,
2000).

The main results from analysis of the crustal velocity field constrained by these

Figure 1: GPS velocities in northern Cascadia. Red, blue and black vectors are
continuous GPS, campaign GPS, and predicted velocities, respectively. Dark and
light green areas are model locked and transition zones of the Cascadia
megathrust.



GPS data are summarized below (Henton et al., 1999, 2000):

1) To afirg order, the GPS veocities and strain rates indicate the Cascadia
subduction thrust is fully locked as far north as the Nootka fault zone off central
Vancouver Island (Figure 1).

2) The datadistribution in northern Vancouver Idand is not good enough, as yet,
to constrain whether the Explorer segment has a locked subduction fault.

3) Measurements in centra Vancouver Idand do not show dgnificant strain rate
accumulation in the region of the M ~7, 1918 and 1946 crustal earthquakes. Thus, the
recurrence rate of this type of events must be low.

4) The misfit between the GPS data and a smple 3D dadtic strain accumulation
model isassociated to a dower landward decrease of the GPS velocities, compared to the
predicted loading velocities. This condusion lead usto investigate the possbility of
more complex time-dependent modd of the subduction zone (c.f., section 1.4).

1.3. Formal inversion for subduction fault coupling

Mog previous constraints for the locked and trangtion zone on the subduction
thrust have come from forward modelling. As part of this study, continuous and
campaign GPS vdocitieswere used to condrain aformal inverson of the subduction
thrugt coupling rate off central and southern Vancouver Island (Y oshioka et al., 2001).

130°W 126"W 124°W 1227
Figure 2: Inversion for interseismic locking of the northern Cascadia megathrust. Red,
blue and green arrows represent the measured GPS, predicted, and interseismic slip
deficit velocities, respectively.



The inversion was based on method previoudy used along the Nankai trough and the
Japan trench. This gpproach indicated a srongly locked zone and a downdip trangtion
zone very similar to those use in the forward modeling (Figure 2). The inversion results
also highlight the need for a large trangition zone to fit the dow landward decay of the
GPS velocity fied.

1.4. Revised elastic and time-dependent modeling of interseismic deformation

Mogt previous models for the strain field associated with alocked subduction
thrust assume congant strain accumulation through the interseismic period. As part of
thiswork, the misfit between the GPS velocity data and the smple elastic strain
accumulation model (section 1.2) was addressed by a new mode that alows for the
temporal behavior of the subduction zone after a great megathrust earthquake (Wang et
a., 2002). The new dastic didocation model includes alarger transition zone
(compared to the standard model) with a downdip exponential increase of the seady
interseismic slip (from zero to full free dip), and a transition zone that changes with time.
The modd introduced the concept of " effective transition zon€' to mimic the visco-
elastic behavior of the subduction fault and upper mantle. The fit to the GPS ve ocities
and strain rates was significantly improved, especially for the more landward sites.

Based on this model, a megathrust earthquake scenario was developed, assuming
500 years of dip deficit (~18 m), a coseismic rupture that takes place at full dip over the
entire locked zone, and slip decreasing to zero half way down the present-day transition
zone. Thus, the cosaiamic rupture landward extent is less than the extent of the current
locked and transition zones. The predicted coseismic deformation pattern isin general
agreement with the 1700 earthquake coastal subsidence and tsunami data.

2. Recurrence rate and location of M>7 crustal earthquakes: Seattle-Portland area
hazard

A strong concentration of crustal earthquakes occurs in the Portland-Seattle-
Vancouver region (Figure 4). Because these earthquakes occur a shalow depth in the
Cascadiaforearc they represent alarge seismic hazard for the Puget Lowland and the
Georgia Basin region of S.W. British Columbia. Good constraints on the maximum
magnitude and recurrence rates of these earthquakes are critical inputsto the seismic
hazard assessment for thisregion. In particular, in this study, we addressed whether the
available earthquake statistics, based mainly on smal magnitude events, provide a
reliable constraint for the frequency of large earthquakes. Especialy, can large
“characteristic earthquakes’ be expected in the Puget Sound - Georgia basn area?

This question was approached through estimating the rate of large earthquakes
required to accommodate observed crustal deformationrates. Our method is to compare
the crusta deformation rates derived from catalogue earthquake statistics with that from
geodetic and geologicd data. If the rate fromthe latter is greater, large infrequent events
may occur that are not predicted by the catalogue statistics. An extreme example of
characteristic earthquakes is the Cascadia megathrust that has few if any small events,
only M~9 earthquakes. Another example may be the area of central Vancouver Idand
wheretwo M~7 earthquakes occurred in 1918 and 1946, and wherethereis very little
current seigmicity.



2.1. Estimates of N-S shortening from GPS and geological data

Focal mechanism solutionsfor crustal earthquakes in the Puget Lowland - SW
British Columbia region indicate that the main compressve stress is horizontal N-S
(margin-pardlel). The crustd deformation rate of the forearc associated with this
tectonic regime was estimated as part of this study using permanent and campaign GPS
data along the Cascadia forearc (Mazzotti et al., 2002; see also Khazaradze et al., 1999).

GPS velocity vectors from four different analyss (WCDA, Dragert et al., 1995;
PANGA, Miller et al., 2001, Oregon campaign, McCaffrey et al., 2000; Vancouver
Idand campaign, Henton et a., 2000) were formally combined into acommon solution
referenced to GPS station DRAO (Penticton, BC, Canada), well inland of the deforming
forearc. GPS derived strain rates indicate that most of the Cascadia forearc undergoes an
uniaxial margin-normal shortening associated with the subduction transient strain, except
for the northwestern Washington region, where significant N-S shortening is evidenced.

A plot of the GPS northward

N vdocity versus latitude shows that the
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Figure 3: Puget Lowland - South Georgia Basin
shortening rate measured by GPS. (a) Top: North

component of current GPS vel ocities versus latitude. (b)
Bottom: Long-term northward GPS velocities (current

GPS corrected for transient subduction interseismic
loading). Red and blue symbols are continuous and
campaign data, respectively.

present-day N-S shortening is

4 concentrated between 46.5 and 48 °N

and reaches 3.0 £ 0.7 mm/yr in the

| Puget Sound - South Georgia Basin area
L (Figure 3q).

As mentioned previously, GPS

| data are affected by both long-term
+ geological deformation of the forearc

and transient strain accumulation along
the subduction fault. The long-term
shortening of the forearc was estimated
by removing from the GPS datathe
predicted northerly component of
velocities dueto the current locking of
the subduction thrust. The model used
to predict the interseismic subduction

L |oading effect was constrained by recent

estimations of the plate convergence,

T forearc motion, and locked zone extent
L (c.f., Section 1).

The long-term N-S shortening in

| the Puget Sound - South Georgia Basin

region (longer than great earthquake
cycle) was edimated to be 4.8 + 0.6
mm/yr (Figure 3b).

This valueis dlightly less but
within the uncertainties of estimated N-
S convergence between the Oregon
forearc and southwestern British
Columbia based on geologica dataand
tectonic models, including:



1) Fault dip rate esimates adong the mgor crusta faultsin the northern Cascadia
forearc (e.g., Seattle fault) that indicate atotal convergence of ~4 mm/yr in western
Washington (e.g., Wells and Simpson, 2000).

2) Block models of the relative Oregon forearc / North Americamotion indicate a
northward velocity of the Oregon block of 6-7 mm/yr at ~46 °N (e.g., Wells et al., 1998,
M cCaffrey et al., 2000).

The difference between the GPS and these estimates suggest that some ~1 mmvyr
shortening may be accommodated to the north and south of the main zone of shortening.

2.2. Crustal earthquake statistics

In order to derive forearc deformation rates from crustal earthquakes, an initial
review and integration of the available catalogues has been carried out, and the properties
of these events investigated (e.g., location, depth, frequency, etc.; see Hyndman et al.,
2002).

2.2.a. Location and depth distribution

Small to medium magnitude crustd forearc earthquakes along the Cascadia
margin concentrate in the Puget Lowland - South Georgia Basin region (Figure 4). This
iswhere most active crustd faults have been mapped. Seismicity becomes insignificant
eastward along the Cascade volcanic arc and westward in the Olympic Mountains. We
note that the only three large (M > 7) historical earthquakes recorded in the Cascadia
forearc are located outside of this region of high seismic activity (Figure 4). These
events could be characteristic earthquakes (i.e., associated with little background
seismicity). This pattern rises the questions of whether such characteristic earthquakes
can occur in the Puget Lowland region, and whether the small magnitude earthquake
statistics can be used to reliably estimate large event recurrence rates.

The depth distribution of crusta events is well constraned. An E-W cross section
indicates that most of the earthquakes lie within a 12-15 kmthick layer. Thislayer is
located between 10 and 25 km depth below the Seattle basin in the Puget Sound area
(Figure 5). The lack of seigmicity in the upper 10 km may be due to aseismically
deforming Tertiary sedimentary basins. The earthquakes rise to 0-15 km eastward,
toward the volcanic arc, presumably because of the eastward heat flow increase and
shallowing of the thermally limited base of saamicity as the arc is approached.

2.2.b Active faults, paleo-earthquakes, and maximum magnitude

Four main active faults have been recognized in the Puget Lowland - South
Georgia Basn region: the Tacoma, Seattle, South Whidby Idand, and Devil Mountain
faults. The best studied motion is a large paleo-earthquake (M ~7.3) that was evidenced
along the Seattle fault about 900 AD (e.g., Bucknamet al., 1992). An empirical
relationship between fault size and earthquake magnitude (Wells and Coppersmith, 1994)
suggests a maximum magnitude M = 7.5, if the Seattle ruptured entirely dong a 150 km
long section.

2.2.c Magnitude-frequency distribution
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Figure 4: Crustal earthquakes in western Washington and southwestern British
Columbia. Black circlesare M > 2 shallow (depth < 30 km) earthquakes for 1980-2000.
Red starts are medium to large (M > 5) crustal earthquakes since 1872. Orange dashed
boxes show zones used for earthquake statistics.

The magnitude-frequency (Gutenberg-Richter) distribution of crustal earthquakes
in the Puget Lowland - South Georgia Basin region was estimated usng a catalogue of
events of magnitude M > 2, from 1900 to 1999. The data come from merging Geological
Survey of Canada (GSC), University of Washington (UW), and U.S. Geological Survey
(USGS) catalogues. For the Puget Sound region, UW event |ocations were combined
with M magnitudes from the GSC, since the UW magnitudes are mainly coda or
duration which have aless well calibrated relation to seismic moment. The cumulative
recurrence reation is given by:

log(N)=a-bM
where N isthe cumulative number of earthquake of magnitude A/ and above, and @ and b
arethe intercept and slope of the linear distribution.

The completeness of the cataogue varies with magnitude. Two approaches can be
used to account for this effect: 1) Consider earthquake data limited to a time period for
which al events above a specified magnitude are complete; 2) Derive gatigtics for time
interval varying with earthquake magnitude. The formal treatment for the latter was
developed by Weichert (1980). The statistics for both techniques were found to be
consistent, but the recurrence is much better constrained using the latter method. The
following results are base on the second approach with completeness periods as follow:



M >5.75, 1899; M > 5.25, 1917; M > 4.75, 1940; M > 3.75, 1956; M > 2.75, 1970; M >
2.45, 1976.

The stability of the magnitude-frequency distribution was checked by testing the
sengtivity to the lower magnitude cut-off (M0) and to the earthquake distribution area.
The statistics were found to be stable for the two different areas considered (large and
small boxes, Figure 4), the b vaue ranging between 0.72 and 0.75 for MO = 3.5 (Figure
6; Hyndman et a., 2002). Because the recurrence statistics are mostly constrained by
small to mid magnitudes, they showed more senstivity to the lower magnitude cut-off.
The b values varied from 0.69 to 0.82 for MO between 2.5 and 4.0.

Large crustal earthquakes recurrence rates, based on extrapolation of small and
mid-size earthquakes for the large box of Figure 4, are 0.0209 /yr (~1/50 yr) for M > 6
and 0.0024 /yr (~1/420 yr) for M > 7 (Figure 6; Table 1; Hyndman et a., 2002).

2.3. Large earthquake recurrence and crustal deformation rate

2.3.a From earthquake recurrence to deformation rate

In order to constrain earthquake recurrence rates using measurements of crustal
deformation rates, afour sep process was used to reated earthquake satistics to seismic
moment and deformation:

1) Magnitude-frequency distribution

As described in the previous section, earthquake statistics for events of magnitude
M > 3.5 were used to constrain the parameters a and b of the magnitude-frequency
distribution of crustal seismicity.

2) Magnitude to moment

Magnitude rates were converted to seismic moment rates using an empirical
relationship devel oped by Hanks and Kanamori (1979) for local magnitude M :

log (M,) =9.05+1.5M,

Thisrdationship was used for successfully comparing earthquake moment rate to fault
dip rate in Cadlifornia (e.g., Field et al., 1999). Initial work on comparing catalogue
magnitudes with saiamic moments from moment tensor solutions in the region (J. Rigau,
persona communication 2002) give good agreement with this relation.

3) Tota moment
Using the two previous steps, the total seismic moment rate M, was estimated by
integrating the magnitude-frequency digtribution up to a given maximum magnitude M,
MO’ =) 10 (1.5-b) MX + a +9.05 / (15 _ b)
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Figure 5: Cross section of crustal earthquakes in northwestern
Washington. Black circlesare M 3 2 earthquakes for 1980-2000 along
50 km wide cross section centered on 47.5 °N.

The maximum magnitude was assumed to be M, = 7.5 + 0.2. Because of the asymmetry
of the stochasgtic moment-magnitude relation, a small correction of +27% was gpplied to
the computed total moment rate to dlow for satistical scatter (Hyndman and Weichert,

1983).

4) Moment rate to deformation rate

The deformation rate associated with the crusta seismicity was estimated by
assuming that: a) Deformation within a 250 km wide by 12 km thick region was fully
seismic; b) Seismicity was mainly accommodated along E-W striking, 45° dipping, thrust
faults, and c) Magnitude-frequency distribution and magnitude to moment relationship
were similar for the entire magnitude range (i.e., no magnitude dependency). The total
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Figure 6: Frequency-magnitude distribution of crustal earthquakesin Puget Lowland -
South Georgia Strait. Crustal (depth < 30 km) earthquakes M2 3.5. Large (left) and small
(right) regions correspond to boxes in Figure 4. Solid blue line shows the best-fit
frequency-magnitude rel ationship for maximum magnitude M, = 7.5. Dashed light blue
lines show relationship for M, = 7.3 and M, =7.7. b: slope of frequency-magnitude
distribution; M ": Total seismic moment rate; def: N-S shortening rate derived from
earthquake statistics.



seismic N-S shortening rate d' derived from earthquake saigtics was given by:

d' =%* M, | (nA)
where p = 3.3* 10" N/n¥ isthe medium shear modulus, and 4 = 250 * 12 kn¥ isthe
Seismic Cross section area.

2.3.b Earthquake recurrence constrained by deformation rates

The N-S shortening rate derived from crustal seismicity inthe Puget Lowland -
South GeorgiaBasinregionisd = 2.9 + 1.0 mm/yr. The associated total seismic moment
rateisM, =4.0* 10" Nm/yr (Table 1; Hyndman et al., 2002).

This seismic deformation rate isin good agreement with GPS measurements that
indicate present-day N-S shortening rate of 3.0+ 0.7 mm/yr (c.f., section 2.1). This rate
represents a tota seismic moment of M, = 4.1 * 10" Nmyr. The GPS-derived N-S
shortening rate implies recurrence rates for crustal earthquakes 0.0025 /yr (~1/390 yr) for
M 3 7, in agreement with earthquake statistics within the uncertainties.

Long-term N-S shortening rate, as constrained by GPS and other geological data,
is4-6 mm/yr in the western Washington - southwestern British Columbia region. The
long-term GPS rate (4.8 = 0.6 mm/yr) representsa totd seismic moment rate of M’ =
6.7 * 10" Nm/yr, which may be accommodated by arecurrencerate for M 3 7
earthquakes of 0.0034 yr (~1/290 yr), somewhat larger than predicted by earthquake
statistics extrapolation but within the uncertainties.

Table 1: Seismic deformation rates and large earthquake recurrence rates

Shortening rate Total moment rate M > 7 frequency

(mmvyr) (10" Nmvyr) (fyr)
Earthquake Mx=7.3 21+£05 29106 1/(590 + 70)
statistics ~ Mx=7.5 29106 40+£08 1/(420 + 50)
Mx=7.7 41+09 57+11 1/(345 + 50)
Mean 29+1.0 4.0+ 1.4 1/(420 = 120)
GPS Current 3.0£0.7 41+10 ~1/(390 % 60)
measurement Long-term 48+ 06 6.7+ 0.8 ~ 1/(290 £ 50)

2.3.c Characteristic earthquakes

The comparison of large crusta earthquake recurrence rates predicted by
earthquake gatigics and by GPS-derived crusta deformation indicates that characteristic
earthquakes are not required to accommodate the measured shortening of the northern
Cascadia forearc. Earthquake gatistics are consistent, within the uncertainties, with both
current and long-term estimates of N-S shortening rate in the Puget Lowland - South
Georgia Basin. The predicted recurrence rate for M 3 7 crustal earthquakesis 1/400-
1/300 yr.

Although not statisticaly significant, the difference between the recurrencerate
derived from earthquake statistics (~1/400 yr) and that derived from long-term
deformation rate (~1/300 yr) suggest that large crugtal earthquakes may occur somewhat
more often than suggested by the extrapolation small earthquake statistics. An




interesting possibility relates these 'extra’ crusta eventsto the giant earthquakes aong the
Cascadiamegathrust. The coseismic deformation during a subduction earthquake could
induce up 0.5-1 m of abrupt N-S shortening in the western Washington forearc. This
sudden N-S strain and stress increase could increase the probability for crustal
earthquakes along Seattle fault-type structures for some time following the great event
(Mazzotti et al., 2002).
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